The aim of this study was to evaluate the effect of dietary phospholipid supplementation on laying hen performance, egg quality, and the fatty acid profile of egg yolks from hens fed a 2% Schizochytrium powder diet. Three-hundred-sixty 28-wk-old Hy-line W-36 laying hens were randomly allocated to one of the 5 dietary treatments, each treatment with 6 replicates of 12 birds each. All diets included 2% Schizochytrium powder (docosahexaenoic acid [DHA], 137.09 mg/g). The control group was not supplemented with any additional phospholipids, whereas the other 4 experimental diets were supplemented with 1,000 mg/kg choline (CHO), 1,000 mg/kg monoethanolamine (MEA), 1,000 mg/kg lysophosphatidylcholine (LPC), or 500 mg/kg LPC + 500 mg/kg MEA (LPC + MEA). The experimental diets were isocaloric (metabolizable energy, 11.15 MJ/kg) and isonitrogenous (crude protein, 16.60%). The feeding trial lasted 28 days. Laying hen performance and egg quality were not affected (P > 0.05) by the diets used. The monounsaturated fatty acid (MUFA) level was reduced in the LPC group at d 28 (P < 0.01), whereas the polyunsaturated fatty acid (PUFA) level was increased (P < 0.05). The omega-6 (n-6) PUFA level of the egg yolks in the LPC group had a trend to increase in comparison to the control (P = 0.07). The CHO and LPC groups had higher omega-3 (n-3) PUFA and DHA levels and lower n-6/n-3 ratios than the other groups at d 28 (P < 0.01). The DHA content in egg yolk reached a plateau after the laying hens consumed the experimental diets for 14 days, and higher yolk DHA contents were observed in the CHO and LPC groups as compared with the other groups at d 14. It was concluded that dietary choline supplementation for more than 14 d enhanced egg yolk enrichment with n-3 PUFA and DHA when laying hen diets were supplemented with 2% Schizochytrium powder. All the diets had no adverse effect on hen performance, egg quality, or egg components under the experimental condition.
INTRODUCTION
Docosahexaenoic acid (DHA) is produced by the inefficient conversion of α-linolenic acid (ALA) into eicosapentaenoic acid (EPA) and then into DHA by the human body and some animals (Komprda, 2012) . It is generally accepted that DHA enhances infant brain function and visual development (Smuts et al., 2003) . There is a high demand for consumers to eat different sources of DHA for better health. The yolk of chicken eggs is one of the most attractive targets for nutritional modification because of the extraordinary responsiveness of most of its properties to dietary factors. En-represent an alternative to fish oil. Several microalgae are commercially available in the form of biomass and extracts. These include Schizochytrium, which produces high levels of DHA and has the potential to be used to enrich eggs with DHA (Park et al., 2015; Hu et al., 2015) .
DHA mainly exists as a DHA-bound methyl ester (ME-DHA), DHA-bound ethyl ester (EE-DHA), DHA-bound triglyceride (TG-DHA), or DHA-bound phospholipids (PL-DHA) (Beckermann et al., 1990) . Unfortunately, the absorptivity of ME-DHA and EE-DHA is ∼20% (Best and Laposata, 2003) , and that of TG-DHA is ∼50% (Tang et al., 2012) . In contrast, the absorptivity of PL-DHA is >90%, and DHA is found in PL fractions in egg yolks (G ladkowski et al., 2011; Bruneel et al., 2013) . Furthermore, the DHA bound to PL is more resistant to oxidative degradation than those bound to TG and EE during the bulk phase (Song et al., 1997) . The egg yolk PL consists of 78% (wt/wt) phosphatidylcholine (PC), 18% (wt/wt) phosphatidylethanolamine (PE), and 4% (wt/wt) sphingomyelin (SM) (Guo et al., 2005) . PL from natural sources contains several acyl groups whose proportions depend on the supplements used (Reddy et al., 2005) . Choline is a reaction substrate in the biosynthesis of PC, while monoethanolamine (MEA) is a reaction substrate in the biosynthesis of PE, and lysophosphatidylcholine (LPC) is an intermediate in the choline-tolecithin phosphorylation pathway (Marshall and Kates, 1973; Zeisel and Blusztajn, 1994) . Preliminary studies in our laboratory revealed that the yolk PL content increased as the choline or soya lecithin content was increased in the diets of laying hens. Enzymatic methods have been used to incorporate DHA into soya lecithin or egg PC using lipases and phospholipases (Haraldsson and Thorarensen, 1999; Reddy et al., 2005) . Therefore, it is worthwhile to study the impact of using various types of PL to enrich DHA levels in egg yolks in hens fed a high DHA-diet.
The objective of the present study was to determine whether dietary supplementation with PL sources is able to enhance DHA enrichment in the egg yolks from laying hens fed a 2% Schizochytrium powder-added diet. We used a corn-soybean meal diet containing 2% Schizochytrium powder as the basal diet. We then examined the effects of dietary supplementation of choline or PL in conjunction with this diet on the laying performance, egg quality, and fatty acid (FA) profile of egg yolks from these hens.
MATERIALS AND METHODS

Bird Maintenance, Experimental Design, and Diets
The experimental protocol was approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences, Beijing.
A total of 360 28-wk-old Hy-line W-36 laying hens with similar egg production (EP) was randomly divided into 5 dietary treatments with 6 replicates of 12 birds each. Three hens were housed in each 55-cm × 40-cm × 40-cm cage. Replicates were equally distributed into upper and lower cage levels to minimize any cage level effect. The ambient temperature and room humidity of the hen housing facility were maintained at 23 ± 2
• C and 50 to 65%, respectively. The photoperiod was set to 16L:8D throughout the study. All hens were supplied with feed and water for ad libitum consumption.
Schizochytrium powder (Kingdomway Co., Ltd., Fujian, China), choline chloride (98%) (Hangzhou Healthy Husbandry Sci-tech Co., Ltd., Zhejiang, China), MEA (Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China), and LPC (Hangzhou Tomohx Technology Co., Ltd., Zhejiang, China) were obtained from commercial suppliers. The 5 treatments consisted of a corn-soybean meal diet containing the following: 2% Schizochytrium powder (DHA, 137.09 mg/g; control group); 2% Schizochytrium powder supplemented with 1,000 mg/kg choline (CHO group); 2% Schizochytrium powder supplemented with 1,000 mg/kg MEA (MEA group); 2% Schizochytrium powder supplemented with 1,000 mg/kg LPC (LPC group); and 2% Schizochytrium powder supplemented with 500 mg/kg LPC + 500 mg/kg MEA (LPC + MEA group). The experimental diets were isocaloric (matabolizable energy, 11.15 MJ/kg) and isonitrogenous (crude protein, 16.60%). Table 1 presents the ingredient and nutrient composition of the experimental diets. The diets were formulated to meet or exceed the NRC (1994) requirements. The experimental diets were analyzed using a nitric-perchloric acid wet ash assay to determining Ca content (AOAC International, 2005) . The crude protein content of each treatment diet also was analyzed before the beginning of the experiment. The crude protein was analyzed by the Kjeldahl method (AOAC International, 2005) . The FA profile of the diets and the Schizochytrium powder are presented in Table 2 .
Hen Performance
Eggs were collected and numbered, and their weights were recorded daily for each replicate. Feed consumption also was recorded on a biweekly basis. Egg weight (EW) was calculated as the mean weight of all eggs from each replicate. The feed conversion ratio (FCR) was calculated as feed consumption divided by the total egg weight (feed/egg; g/g). Mortality was recorded daily as it occurred. Feed intake (FI) was adjusted for mortalities and was calculated using the following equation: FI = feed consumption (g)/(hen number × d). EP, FI, EW, and FCR were calculated for d one to 14 and d 15 to 28 of the experiment. 1 Control = 2% Schizochytrium (microalgae) powder diet; CHO = control supplemented with 1,000 mg/kg choline (2.00 mmol); MEA = control supplemented with 1,000 mg/kg MEA (2.00 mmol); LPC = control supplemented with 1,000 mg/kg LPC (2.00 mmol); LPC + MEA = control supplemented with 500 mg/kg LPC (1.00 mmol) + 500 mg/kg MEA (1.00 mmol). 
Egg Quality and Egg Components
Three eggs from each replicate with weights similar to the replicate EW were collected on d 14 and 28 of the experiment for interior and exterior quality measurements, which were made within 24 h of laying. Shape index was calculated according to the following formula: shape index = height (mm)/width (mm). Eggshell breaking strength was measured using an Egg Force Reader (Orka Technology Ltd., Ramat Hasharon, Israel). Eggshell thickness was calculated as the mean value of measurements obtained at 3 locations on the surface of the egg (i.e., the air cell, equator, and sharp end) using an Eggshell Thickness Gauge (ESTG-1, Orka Technology Ltd.). Haugh unit (HU) values, albumen height, and yolk color were measured using an Egg Analyzer (Orka Technology Ltd.).
Each egg was individually weighed and then broken, and the yolk was separated from the albumen. The yolk weight was determined after the chalazae were removed with forceps. Each yolk was rolled on a paper towel to remove adhering albumen. The eggshells were washed, air-dried, and weighed. Albumen weight was calculated by subtracting the yolk and eggshell weights from the weight of the individual egg. These measurements were used to determine the albumen proportion (%; albumen weight/egg weight × 100) and the yolk proportion (%; yolk weight/egg weight × 100). EP, egg production; EW, egg weight; FI, feed intake; FCR = feed conversion ratio; MEA, monoethanolamine; LPC, lysophosphatidylcholine.
1 Means were obtained from 6 replicate cages of 12 birds each. 2 Control = 2% Schizochytrium (microalgae) powder diet; CHO = control supplemented with 1,000 mg/kg choline (2.00 mmol); MEA = control supplemented with 1,000 mg/kg MEA (2.00 mmol); LPC = control supplemented with 1,000 mg/kg LPC (2.00 mmol); LPC + MEA = control supplemented with 500 mg/kg LPC (1.00 mmol) + 500 mg/kg MEA (1.00 mmol).
FA Composition in Diets, Schizochytrium Powder, and Egg Yolks
Two eggs from each replicate with weights similar to the replicate EW were collected during the feeding trial on d zero, 7, 14, 21, and 28. The egg white was separated from the yolk, and the yolk was mixed and freeze-dried using freeze-drying equipment (FD-12, Beijing Huichengjia Scientific Instrument Factory Co., Ltd., Beijing, China). After freeze-drying, the yolk samples were weighed and ground carefully to pass through a 40-mesh sieve. In addition, the yolk samples, the experimental diets, and the Schizochytrium powder were stored at -20
• C until analysis. About 100 mg (±20 mg) of yolk sample was weighed and transferred into a 15-mL screw-capped test tube. A total of 2 mL of hexane and 2 mL of a methanol/acetylchloride (10:1, vol/vol) mixture were added slowly to the tube by turns. The mixture was heated in a water bath at 80
• C for 3 h. After the mixture reached room temperature, 5 mL of a 7% potassium carbonate solution was slowly added. The mixture was mixed and centrifuged at 4,000 × g for 10 min at 4
• C using a high-speed freezing centrifuge (Anke GL-20B, Shanghai Anting Scientific Instrument Factory, Shanghai, China). The supernatant was transferred into small bottles to be analyzed using GC-450 gas chromatography (Techcomp Ltd., Shanghai, China) with a methylpolysiloxane capillary column that was 60 m long and had an inner diameter of 0.25 mm and a film thickness of 0.25 μm (DB-23, 50% cyanopropyl-methylpolysiloxane, Agilent). The running time for each sample was ∼40 min. Helium was used as the carrier gas, with hydrogen and synthetic air. The following operating conditions were used in the chromatographic analysis: column flux, 1.00 mL/min; linear velocity, 24 cm/s; detector temperature, 280
• C; injector temperature, 270
• C; oven temperature, 100
• C (5 min)
to 240
• C (30 min) at 4
• C/min; and injected carrier gas volume, 1.0 μL. Isopropanol and petroleum ether were used to clear the column between samples.
Statistical Analysis
All data were subjected to one-way ANOVA using the SPSS software package program (SPSS 23.0 for Windows, SPSS Inc., Chicago, IL) with each hen as a replicate. When the differences among treatments were significant (P < 0.05), the means of treatments were separated by post hoc Duncan's multiple range tests. A P-value of <0.05 was considered significant unless otherwise stated; P-values less than 0.01 are expressed as "<0.01" in the tables rather than as the actual value. Data are expressed as the means and pooled SEM.
RESULTS
Laying Hen Performance
The performance parameters during the feeding trial period are summarized in Table 3 . No significant difference was observed in EP across all treatment groups at the beginning of the experiment (P > 0.05, data not shown). The experimental diets had no significant effect on EP, EW, FI, or FCR from d one to 14 or from d 15 to 28 (P > 0.05). No animal from any group displayed signs of illness or died during the experimental period.
Egg Quality and Egg Components
The egg quality and components of the hens of the feeding period are shown in Table 4 . No differences were found in overall egg quality (i.e., egg shape index, eggshell breaking strength, eggshell thickness, HU, or albumen height) of the egg among all treatments at d 2 Control = 2% Schizochytrium (microalgae) powder diet; CHO = control supplemented with 1,000 mg/kg choline (2.00 mmol); MEA = control supplemented with 1,000 mg/kg MEA (2.00 mmol); LPC = control supplemented with 1,000 mg/kg LPC (2.00 mmol); LPC + MEA = control supplemented with 500 mg/kg LPC (1.00 mmol) + 500 mg/kg MEA (1.00 mmol).
a,b Values within a row with no common superscripts differ significantly (P ≤ 0.05).
14 or d 28 (P > 0.05). No significant difference was observed regarding egg yolk color values (P > 0.05) among all groups at d 14 and d 28. The MEA group had a higher egg yolk weight (P < 0.05) than the control group, the LPC group, and the LPC + MEA group at d 14, but there were no significant differences among the dietary treatments at d 28 (P > 0.05). There were no significant differences regarding the yolk ratio, albumen weight, or albumen ratio among all treatments at d 14 and d 28 (P > 0.05).
FA Composition of the Egg Yolk
The FA composition of egg yolks from laying hens fed a 2% Schizochytrium powder-added diets supplemented with various PL sources at the start (d zero) and at the end (d 28) are shown in Table 5 .
No differences were found in saturated fatty acid (SFA) levels in the egg yolks among all treatments at d zero or d 28 (P > 0.05). The LPC group had a lower monounsaturated fatty acid (MUFA) level than the other groups at d 28 (P < 0.01). The egg yolks from hens fed the LPC diet had a trend to increase in total omega-6 (n-6) PUFA levels relative to the control group (P = 0.07). There were distinct differences in the levels of PUFA (P = 0.02), n-3 PUFA (P < 0.01), DHA (P < 0.01), and the n-6/n-3 ratio (P < 0.01) in the egg yolks among all groups at d 28. The CHO and LPC groups had higher total n-3 PUFA levels (P < 0.01) and DHA levels (P < 0.01) than the other groups at d 28, whereas they had lower n-6/n-3 ratios (P < 0.01). Compared with the control group, the yolk DHA levels in the CHO (P < 0.05) and LPC (P < 0.05) groups were increased by 11.24 and 14.33% at d 28, respectively.
DHA Enrichment in Egg Yolk
The relationship between yolk DHA levels and deposition time (d 1 to 28) is presented in Figure 1A -E. On the whole, an increase in yolk DHA levels with feeding time was observed among all groups. The DHA levels in the egg yolks reached a plateau after the laying hens consumed the experimental diets for 14 days, and MEA, monoethanolamine; LPC, lysophosphatidylcholine; SFA, Saturated fatty acid; MUFA, monounsaturated fatty acids; n-6 PUFA, omega-6 polyunsaturated fatty acids; n-3 PUFA, omega-3 polyunsaturated fatty acids; DHA, docosahexaenoic acid.
1 Means were calculated from 6 replicates (2 egg yolks per replicate) per treatment. 2 Control = 2% Schizochytrium (microalgae) powder diet; CHO = control supplemented with 1,000 mg/kg choline (2.00 mmol); MEA = control supplemented with 1,000 mg/kg MEA (2.00 mmol); LPC = control supplemented with 1,000 mg/kg LPC (2.00 mmol); LPC + MEA = control supplemented with 500 mg/kg LPC (1.00 mmol) + 500 mg/kg MEA (1.00 mmol).
3 SFA levels were calculated as 6:0 + 10:0 + 12:0 + 14:0 + 15:0 + 16:0 + 17:0 + 18:0 + 20:0 + 21:0 + 22:0 + 23:0 + 24:0; MUFA levels were calculated as 16:1 n-7 + 18:1 n-9 + 20:1 n-9 + 22:1 n-9 + 24:1 n-9; n-6 PUFA levels were calculated as 18:2 n-6 + 20:3 n-6 + 20:4 n-6 + 22:2 n-6; n-3 PUFA levels were calculated as 18:3 n-3 + 20:5 n-3 + 22:6 n-3. a,b Values within a row with no common superscripts differ significantly (P < 0.05).
then the DHA levels in the egg yolks remained constant from d 14 to 28 among all treatments. In particular, higher yolk DHA levels were observed in the CHO and LPC groups as compared with the control group at d 14 (P < 0.05; Figure 1F ).
DISCUSSION
LPC is an intermediate in the choline-to-lecithin phosphorylation pathway (Zeisel and Blusztajn, 1994) . Although MEA causes undesirable off-flavors in laying hen diets, its addition did not result in a significant reduction in FI in the present study. An earlier study indicated that supplementation with 1,000 mg/kg choline in a laying hen diet did not negatively affect laying performance (Zhai et al., 2013) , which agrees with our findings that supplementation with dietary PL sources (i.e., choline, MEA, and LPC) had no effect on EP, EW, FI, or the FCR in hens under these experimental conditions. This suggests that none of the diets negatively affected laying performance in the present study.
The HU value was calculated using the height of the inner thick albumen and the weight of the egg (Haugh, 1937) , and its numerical value mainly reflects the thick albumin content of the egg. Zhai et al. (2013) observed that the HU value of the egg was improved when laying hens were fed a diet supplemented with choline (3,400 mg/kg) for 48 weeks. However, the current study showed that there was no effect on the HU values of eggs from laying hens fed diets supplemented with choline and PL. This difference may be caused by the difference in the dosage of supplemental choline and PL or experimental period. The egg yolk accounts for 27.5% of an egg's weight, and we found that the egg yolk weight was higher in the MEA group at d 14, but no change in the yolk ratio was observed during the current study. Our present study agrees with earlier findings (Lemahieu et al., 2014; Baeza et al., 2016) that the 2% Schizochytrium powder diet does not lead to adverse effects on yolk color.
Previously, the attention given to modifying the fatty acid composition of yolks has mainly focused on simply elevating n-3 PUFA levels via methods including dietary enrichment with flaxseed-derived ALA (Oliveira et al., 2010) , canola, or hempseed (Bean and Leeson, 2003) , or supplementation with fish oil (Cachaldora et al., 2008) or microalgae, which are major dietary sources of DHA (Lemahieu et al., 2015; Hu et al., 2015; Park et al., 2015) . Among these approaches, the effects of using different doses of flaxseed, fish oil, and microalgae as a source of n-3 PUFAs have been extensively examined Nain et al., 2012) . In the present study, the 2% Schizochytrium power diet con- tains approximately 7.53% DHA, and the DHA content in the egg yolk reached a plateau after the laying hens fed the experimental diets for 14 days, was also observed by Hu et al. (2015) and Park et al. (2015) . Egg yolk PL are generally 78% (wt/wt) PC and 18% (wt/wt) PE (Guo et al., 2005; Rajalekshmy, 2010) . Various PL sources, such as soy lecithin (including PC and PE) and choline, are used to enrich the lecithin content of poultry products. A typical fatty acyl composition of PC isolated from egg yolk consists of palmitic acid as the major FA, which is located in the sn-1 position, whereas the sn-2 position is occupied by oleic acid (Chojnacka et al., 2009 ). However, the PL and total fatty acids present in the yolks are affected by the nutritional status of the hens and the type of fatty acids present in their diets (Field and Clandinin, 1984) . There is clearly a relationship between yolk PC concentrations and the PC/PE ratio when the diets of laying hens are supplemented with choline (Tsiagbe et al., 1988) . It was suggested that the incorporation of DHA into the sn-2 position of PL could increase the stability of DHA (Chakra et al., 2008) , and it has been proven that modification of the sn-2 position can be carried out by phospholipase A 2 G ladkowski et al., 2011) . In addition, several studies have shown that enzymatic methods, such as those that involve lipases and phospholipases, can be used to incorporate n-3 PUFAs into PC in vitro (Haraldsson and Thorarensen, 1999; Adlercreutz and Wehtje, 2004; Reddy et al., 2005) . In the present study, the yolk DHA levels of the eggs laid by each group of hens was composed, on average, of 1% of the total fatty acids at the start of the experiment. When these hens were fed a diet enriched for DHA, DHA content as a percentage of all fatty acids increased among all 5 groups, with higher yolk DHA levels in the CHO and LPC groups. After laying hens were fed the experimental diets for 28 d, the yolk DHA levels in the CHO and LPC groups were 3.96 and 4.07%, respectively. At the same time, the CHO and LPC diets increased the n-3 PUFA content and decreased the n-6/n-3 ratio in the yolk. To the best of our knowledge, this is the first study that reported choline enhanced DHA enrichment in egg yolk in laying hens fed a 2% Schizochytrium power-diet. This may be due to when dietary DHA is sufficient, PC becomes the limited factor to DHA deposition in egg yolk. Under this condition, dietary choline or LPC supplementation could be resulted in more DHA incorporate into PC in egg yolks of laying hens. There are two pathways for reactions that can be used to modify PL. The first is performed in two steps: the hydrolysis of PC into its lyso-form and reesterification of LPC with DHA. The second pathway is a one-step process that involves acidolysis or interesterification between TG-DHA (e.g., Schizochytrium podwer) and PC at the unsaturated fatty acid (sn-2) position, respectively.
Choline and LPC can be used as feed additives and as a feasible option that takes into consideration the need for PC to enrich egg DHA in yolks. But the high price of LPC limits its utilization in producing DHA-enriched yolks. Therefore, the use of choline as an inexpensive potential feed additive for enhancing DHA enrichment in egg yolks may be a suitable alternative. The finding that dietary choline supplementation can be used to enhance DHA enrichment in yolk is preliminary. It is also necessary to determine the PC content and to analyze the predominant fatty acids in PC in the yolk in future research, and the detailed mechanism underlying these results in this increase needs to be further investigated.
In conclusion, feeding laying hens for 28 d with 1,000 mg/kg choline in addition to dietary supplementation with a 2% Schizochytrium powder diet resulted in enhanced DHA levels in egg yolks. The CHO diet resulted in higher n-3 PUFA and DHA levels and a lower n-6/n-3 ratio in the egg yolks from the laying hens under the experimental conditions of this study. These results indicate that choline may serve as an inexpensive feed additive and is effective in enhancing DHA enrichment in egg yolks in hens fed a DHA-rich diet.
